A comprehensive study of AlGaAs/GaAs beryllium-and carbon-doped base heterojunction bipolar transistor structures subjected to rapid thermal processing J. Appl. Phys. 86, 6468 (1999) We present a phenomenological model for the lifetime prediction of GaAs based heterojunction bipolar transistors ͑HBTs͒. Both thermal activation process and recombination enhanced defect generation process were considered phenomenologically. At high stress temperatures, the lifetime of the transistor is determined by the thermal activation process and is independent of the stress current. But at low stress temperatures, the device's lifetime is controlled by the recombination enhanced defect generation process and is dependent on the stress current. The model has been used to fit experimental data, and very reasonable agreement was obtained. The model is valid for all stress temperatures and stress currents. It provides a good guideline for projecting HBTs lifetimes using accelerated stress test.
I. INTRODUCTION
GaAs based heterojunction bipolar transistors ͑HBTs͒ have been widely used in high speed wireless and optical communication systems as well as in military and space applications. HBTs' reliability, although extensively studied, remains to be a puzzling issue, not because the devices are unreliable but because of the variation in the reported data.
1- 11 The reported activation energy for device degradation varies from below 0.5 eV to nearly 2 eV and the projected mean time to failure ͑MTTF͒ also varies in a wide range. While detailed failure mechanisms are dependent on many factors including epilayer quality, process stability, and device design, the various test conditions used by different researchers also create uncertainties in the reported results. Since a device's lifetime, which is projected based on accelerated stress test performed at high temperatures, is impossible to verify experimentally, one really needs a good model to guide the prediction of the tested results. In this paper, we present a simple phenomenological model for HBTs' reliability and clarify some of the inconsistencies in the reported results.
II. DEFECT GENERATION AND DEVICE FAILURE
We assume that the failure of an HBT is caused by defect generation in the device. The defects in turn cause an increase in base current and degradation in current gain. The defects are assumed to be generated by two mechanisms: Thermal activation and recombination enhanced defect reaction ͑REDR͒. While the first one is easy to understand, the second one is due to the energy released by the electron-hole recombination at the defect sites. [12] [13] [14] This recombinationenhanced process has been widely studied and has been known to play an important role in the degradation of optical devices.
14 For HBTs, where carrier recombination is the key to device performance, it has also been shown that REDR is one of the main causes for device degradation. [15] [16] [17] The generation rate of the defect can be written as
where the first term is due to the recombination enhanced defect generation and the second term is due to the thermal activation process. Instead of going into details of the nature of defects that cause device failure, we consider there is only one type of defect that has an activation energy of ⌬E. When there is recombination enhanced process, the generation rate should be proportional to the recombination current. Because of the energy released by recombination, the activation energy is reduced to a smaller value, ⌬. Combining these two processes, we obtain the rate equation as
where I bs is the nonradiative recombination base current at the stress condition. This current ͑at stress͒, however, depends on the defect density through the following relationship,
where is the cross section for carrier trapping, v is the thermal velocity, n p is the injected electron density in the base, and d is the base width. Since n p is proportional to the collector current ͑at stress͒, I cs , we obtain from Eqs. Here again I b0 includes all the base current components that are not affected by the defect generation. The current gain can be obtained from this equation:
The percentage change of current gain versus time is then
where 
͑13͒

III. DEVICE LIFETIME: DEPENDENCE ON STRESS CURRENT AND ACTIVATION ENERGY
The lifetime shown in Eq. ͑13͒ depends not only on the temperature but also on the collector current, I cs , used in the stress test. The expression of MTTF shown in Eq. ͑13͒ has a very interesting dependence on stress temperature. When the stress temperature is high, the high activation energy term dominates in the denominator of Eq. ͑13͒ and
The lifetime does not depend on the stress currents. But when the stress temperature is not very high, the MTTF is reduced to
The lifetime is governed by the smaller activation energy ⌬ and it is dependent on the stress current. This expression has the form
This is actually the same formula that has been found to fit the measured lifetime of HBTs in the presence of the recombination enhanced defect generation.
1,18-20 However, one needs to remember that this only represents the MTTF when the recombination enhanced defect generation dominates the degradation process, which happens at lower stress temperatures. The complete expression for MTTF has to include the thermal activation process, which dominates at higher stress temperatures. In other words, Eq. ͑16͒ is valid in a limited temperature range.
From Eq. ͑15͒, we can see that the factor n depends on how I bs0 is related to I sc . At high stress currents, this factor depends on several factors. The important ones are ͑1͒ the Kirk effect, ͑2͒ whether there is a potential spike at the baseemitter junction, and ͑3͒ the dependence of current gain on temperature rise due to self-heating. So this factor is quite different for AlGaAs HBTs and InGaP HBTs. The stress current used for accelerated life test is usually Ն25 KA/ cm 2 . At such high currents, the current gain drops due to the effects mentioned above. If we look at the Gummel plots, we may notice that the current gain drops very differently for these two types of transistors. Figure 1 shows the base current and the current gain as functions of the collector current for an AlGaAs HBT and an InGaP HBT with an emitter dimension of 2 ϫ 6 m 2 . The collector structures of the two transistors are the same, but the current gain rolls off very differently. The gain of the AlGaAs HBT drops very quickly with the collector current while that of the InGaP HBT stays more or less the same until very high currents. This difference cannot be explained by the Kirk effect since the collector structures are the same. So, it should be caused by the other two reasons mentioned above. The dependence of I b on I c for the AlGaAs HBT and the InGaP HBT at high currents is very different. If we fit the curve in the high current region for the AlGaAs HBT, the best fit is
Substituting this relationship to Eq. ͑16͒, we obtain
This agrees with what Henderson has reported experimentally. 18 For InGaP HBTs, the current gain remains more or less constant at high currents, or I b is linearly proportional to I c ͑see Fig. 1͒ . So, Eq. ͑15͒ becomes
This result agrees with the experimental finding by Surridge et al. 20 Feng et al., however, reported an n factor of 0. 5, 19 which is smaller than what we obtained here. But, the real expression for MTTF, as shown in Eq. ͑13͒, is much more complicated. If we want to use a simple expression like Eq. ͑16͒ to represent the lifetime, the n factor can be much smaller than 1. Let us use some examples to illustrate this point. Figure 2 shows a set of calculated MTTF vs 1 / T curves at different stress conditions. Here we assume that I b is proportional to I c . The activation energies are chosen to be ⌬E = 1.7 eV and ⌬ = 0.9 eV. The collector currents used are 25, 50, 75, and 100 KA/ cm 2 . The current gain is taken to be 70 and assumed to be independent of temperature. Other parameters were chosen so that the calculated results fall in the right range of the experimental results. It is clearly seen that at high temperatures, the degradation is controlled by thermal activation. The activation energy is ⌬E and is independent of the stress current. At low stress temperatures, the degradation is controlled by recombination enhanced defect generation, the activation energy is ⌬, and the lifetime depends on the current used during stress. It should be noticed that the measured activation energy is usually based on a fitted straight line with only a few data points in the Arrhenius plot. So, depending on where the data are taken on the curves shown in Fig. 2 , the activation energy can vary greatly. We have calculated the activation energy based on the slope of the MTTF curves in Fig. 2 . The calculated result ͑for Jc =25 KA/ cm 2 ͒, also shown in the figure, varies from ⌬E to ⌬ depending on where the slope is measured.
At lower stress temperatures, MTTF is I cs dependent and the n factor is 1. But between these two extremes, the dependence of MTTF on I cs is not that simple. If we plot MTTF vs I cs ͑in log-log plot͒ at different stress temperatures, we obtain the curves shown in Fig. 3 . The n factor varies from 1 to 0 as the stress temperature is increased. This explains why some of the reported values were lower than 1. 19 The model presented above is a general model. The activation energies and the relative importance of the two mechanisms ͑thermal activation and recombination enhanced process͒ depend on the material used, the process techniques, and the device structures. At high stress temperatures, the degradation is determined by the thermal process and does not depend on the stress current. At lower stress temperatures, the recombination enhanced process dominates and the degradation is dependent on the stress current. The activation energy is lower when the stress temperature is lower and higher when the stress temperature is high. The transition temperature again depends on process and material. This result agrees with what Henderson has found experimentally. 10 Because of the two mechanisms involved in the device failure and the transition in the Arrhenius plot, one needs to be careful when deducing the activation energy using two or three data points, especially those taken at very high junction temperatures. The extrapolated lifetime at low temperatures can be easily overestimated if a wrong activation energy is used.
From the published reports, the AlGaAs HBTs usually have lower activation energy than the InGaP HBTs and the lifetime is shorter. This can be explained by a lower transition temperature in our model. In other words, the AlGaAs HBTs are more sensitive to the recombination enhanced defect generation. Because of a small valence band offset at the AlGaAs/GaAs junction, the current gain is very temperature sensitive. The base current increases drastically as the stress temperature is increased and it contributes to the reduction of the lifetime ͓see Eqs. ͑13͒ and ͑15͔͒.
IV. MODEL FITTING TO EXPERIMENTAL DATA
In order to check the validity of this model, experimental data taken at a wide temperature range are needed. To obtain data at very high stress temperatures, we have carried out a wafer level reliability test for our InGaP HBTs at extremely high current conditions. 6 No external heating source was used; the self-heating provided the necessary heating for the device aging. Based on the model presented above, the lifetime should not depend on the stress current used.
The wafer level stress test was done at various bias conditions. The bias currents varied from 167 to 583 KA/ cm 2 . The bias voltages were kept low so that the devices stayed within the safe operating area. The corresponding junction temperatures were estimated to be all above 350°C. The lifetimes of all devices were plotted in an Arrhenius plot shown in Fig. 4 . If we fit the data points with a straight line, we obtain an activation energy around 1.8 eV. In the same plot we included some of the reported lifetime data for InGaP HBTs at lower temperatures and lower stress currents. 19, 21 We can see that at lower stress temperatures, the activation energy is lower and the lifetime is dependent on the stress current. If we fit the data with the equation obtained above, we obtain the curves shown in the figure. The activation energy for the thermally activated process and that for the recombination enhanced process were taken to be 1.8 and 1 eV, respectively. The three curves correspond to stress current densities of 25, 11, and 5.2 KA/ cm 2 , the values used for the experimental tests. Considering that the data were from different sources and the devices may have different structures and different processes, the model fitting is very good.
So, it is clear that the wafer level reliability test can only provide information on device reliability related to thermally activated process. In order to get more accurate prediction, one has to use lower stress temperatures so that the recombination enhanced process dominates. From this figure we can reasonably expect that the MTTF of an InGaP HBT lies between 10 7 and 10 8 h at 125°C junction temperature with commonly used collector currents.
The reason that the MTTF shown in Eq. ͑15͒ is current dependent is recombination enhanced defect generation. So what really matters is the base current or the current gain during stress. Equation ͑15͒ can be rewritten as
where ␤ s is the current gain at the stress condition and ␤ 0 is that at room temperature. So, the smaller the ␤ s is, the smaller is the lifetime. This again agrees with experimental findings.
V. CONCLUSIONS
We have presented a phenomenological model for the lifetime prediction of GaAs based HBTs using accelerated life test. Both thermal activation process and recombination enhanced defect generation process were considered phenomenologically. At high stress temperatures, the lifetime of the transistor is determined by the thermal activation process and is independent of the stress current. But at low stress temperatures, the device's lifetime is controlled by the recombination enhanced defect generation process and is dependent on the stress current. The model has been used to fit experimental data, and very reasonable agreement was obtained. The model is valid for all stress temperatures and stress currents. It provides a good guideline for projecting lifetimes using accelerated stress test. 
